The LSPE is a balloon-borne mission aimed at measuring the polarization of the Cosmic Microwave Background (CMB) at large angular scales, and in particular to constrain the curl component of CMB polarization (B-modes) produced by tensor perturbations generated during cosmic inflation, in the very early universe. Its primary target is to improve the limit on the ratio of tensor to scalar perturbations amplitudes down to r = 0.03, at 99.7% confidence. A second target is to produce wide maps of foreground polarization generated in our Galaxy by synchrotron emission and interstellar dust emission. These will be important to map Galactic magnetic fields and to study the properties of ionized gas and of diffuse interstellar dust in our Galaxy. The mission is optimized for large angular scales, with coarse angular resolution (around 1.5 degrees FWHM), and wide sky coverage (25% of the sky). The payload will fly in a circumpolar long duration balloon mission during the polar night. Using the Earth as a giant solar shield, the instrument will spin in azimuth, observing a large fraction of the northern sky. The payload will host two instruments. An array of coherent polarimeters using cryogenic HEMT amplifiers will survey the sky at 43 and 90 GHz. An array of bolometric polarimeters, using large throughput multi-mode bolometers and rotating Half Wave Plates (HWP), will survey the same sky region in three bands at 95, 145 and 245 GHz. The wide frequency coverage will allow optimal control of the polarized foregrounds, with comparable angular resolution at all frequencies.
INTRODUCTION
CMB polarization has been measured by several experiments (see e.g. [1] [2] [3] [4] [5] [6] ) over a wide range of angular scales. The results are consistent with the polarized signal produced through Thomson scattering by the same scalar perturbations producing CMB temperature anisotropy (E-modes). Improved measurements are expected by forthcoming experiments (e.g. [7] [8] [9] [10] ): the target is to measure the rotational component of CMB polarization (B-modes) which, at large angular scales, represents a unique signature of the tensor perturbations produced during inflation 11 . An experiment measuring B-modes must detect the variance of these fluctuations, which results from the contributions of all the detected multipoles. The bottom thick line represents the contribution from each multipole to the total mean square fluctuation of the tensor component of CMB polarization (B-modes, assuming a tensor to scalar ratio r = 1). The bump at small multipoles is due to photons last scattered during reionization, while the second bump is due to photons from z=1100. The thin line is the cumulative of the B-modes, i.e. the variance measured by an experiment sensitive from multipole 2 to a given multipole l (see eq. 1). The top thick line represents the beam function B The importance of this tiny signal has been stressed widely in the literature. A detection of B-modes in the CMB polarization field would represent the final confirmation that inflation really happened 11, 12 . The detected tensor to scalar ratio r would constrain the energy-scale of inflation, according to the relation [11] [12] [13] [14] [15] GeV r E × = thus allowing for the first time an observational incursion into the physics of extremely high energies. Indeed, no conceivable experiment in a terrestrial laboratory can probe such ultra-high energy regime 13 . Moreover, high precision CMB polarization measurements are essential to study CMB lensing and thus constrain neutrino masses [16] [17] [18] .
There is no clear theoretical forecast for the value of r. For this reason it is very important to carry-out pathfinder experiments, like LSPE, before that an extremely expensive third-generation space mission devoted to the final CMB polarization measurement is decided.
It is, however, very difficult to measure sky polarization at large angular scales, because this requires wide sky coverage, high stability of the instrument performance and of the atmosphere over large volumes, reduction and control of telescope sidelobes over a wide range of angles. Moreover, the expected signal is very small with respect to E-modes and local foregrounds.
In this paper we describe the Large Scale Polarization Explorer (LSPE), a long-duration balloon experiment exploiting the environment of the stratosphere during the polar night, to measure B-mode CMB polarization at large angular scales. To do this, the experiment spins continuously at 3 rpm, covering a large fraction of the sky in a single balloon flight. Two independent instruments are aboard of the LSPE: the STRatospheric Italian Polarimeter (STRIP) 19 and the Short Wavelength Instrument for the Polarization Explorer (SWIPE) 20 . The two instruments are accommodated on a common frame, which provides flight control, power supply, sky scanning, and communication services. The experiment has been designed to improve over previous efforts in three areas:
• Sensitivity: the sky survey sensitivity is improved using arrays of photon-noise limited detectors (multimode for SWIPE). This is discussed in detail in two companion papers 19, 20 .
• Systematic effects: their mitigation and control have been improved using several levels of modulation, and a polarization modulator (a HWP in the SWIPE instrument, while the STRIP coherent instrument uses correlation radiometers). This is also discussed in detail in 19, 20 . Both instruments are sensitive to the W band, using orthogonal technologies and thus providing an important additional check for systematic effects.
• Foregrounds: the frequency range covered by the two instruments brackets the region where the ratio between polarized CMB signal and polarized foregrounds is maximum. This allows us to use efficiently component separation techniques.
Polarized foreground emissions are likely to be the main limitation for B-modes detection at large angular scales. Our current knowledge of diffuse polarized foregrounds mainly comes from WMAP data (covering the 23-94 GHz frequency range). New data from the Planck satellite will soon become available, allowing more precise estimates in this range, extending our knowledge above 100 GHz. The main diffuse polarized emissions are synchrotron emission and thermal dust emission from non-spherical grains. Diffuse synchrotron emission is polarized around 10-20% on the average 21, 22 , the polarization of thermal dust is expected to be about 5% 23 . Free-free and anomalous dust emission should be essentially unpolarized (current upper limits to their polarization are around 3%) 24 . Even masking the most contaminated regions of the sky (P06 WMAP mask, excluding 30% of the sky), the contribution of polarized foregrounds in the cleanest WMAP frequency band (61GHz, V band) is at least one order of magnitude higher than the CMB E-modes at large angular scales (l<20). For an experiment like LSPE, having a native coverage around 25% of the sky, an aggressive sky masking is not a viable option, as it will increase the cosmic variance term which is already relevant. It is clear that an accurate foreground removal is needed.
In the last few years several data analysis techniques have been proposed (e.g. 25 ), exploiting the multi-frequency information to reduce foreground contamination on the CMB emission (foreground cleaning methods) or to disentangle the single components (component separation). Most of these methods perform a linear mixture of the instrumental channels, with weights designed for different trade-offs between instrumental noise and foreground contamination. The best strategy clearly depends on the instrumental specifications and should be optimized towards the scientific goals of the experiment (e.g. 26 ). A detailed simulation effort specifically tailored to LSPE is underway.
Preliminary results are illustrated in Fig.2 . The figure reports the expected errors on angular power spectra in two different cases. In black, the maps have been combined using the minimum variance approach, thus weighting only by the inverse noise. In gray the maps are combined using the minimum foreground approach, thus the weights take into account foreground minimization. In doing that, an imperfect knowledge of the foregrounds frequency scaling is assumed. In particular, with an optimistic approach, we assume to know with good accuracy the spectral index of the synchrotron component (3.00+0.01) and the spectral index for the dust (1.700+0.006). For both cases, we plot three information: the residual noise (square dots), the residual foreground (triangular dots), and the sum of the two (continuous line). Cosmic variance is ignored, as in the case of no B-modes. From the figure it is evident how the foreground minimization improves the result with respect to the noise minimization, in particular at large angular scales. The total errors are the sum of the noise (triangles) and foreground (squares) errors. A weighting scheme that minimizes foregrounds residuals will lead to some amplification of the noise (as evident in this plot) but remains a reasonable choice, since it reduces the impact of foregrounds by orders of magnitude. See text for details.
BALLOON FLIGHTS IN THE POLAR NIGHT
Long duration (2 weeks or more) stratospheric balloon flights are routinely performed every year by NASA-CSBF in Antarctica, during the summer season ( see e.g. 27 ). These flights offer continuous operation of heavy payloads (up to 2 tons) in the stratosphere (at altitudes around 35 -40 km) for more than 2 weeks (and up to 1 month). The successful ATIC 28 , BLAST 29 and BOOMERanG 30 are good examples of experiments exploiting this opportunity. In the Arctic, an exploratory program has been carried out in collaboration with the Italian Space Agency, demonstrating the feasibility of long duration flights launched from Longyearbyen (Svalbard Islands) 31 (see Fig.3 ). Testing of night-flights has also been performed from the Nobile-Amundsen base in Ny-Alesund (Svalbard), demonstrating the eastward trajectory of the stratospheric probes during the polar night 32 (see Fig.4 ). At lower latitudes, polar night flights have been performed by CNES from the Kiruna base of the Swedish Space Corporation, with recovery of the payload in Russia, like in the case of the Archeops experiment 33 . In our case we plan to launch the LSPE from Longyearbyen in the polar night, for a long duration (15 days nominal) flight around new-year. Recovery will be in Greenland. In case of successful recovery, we will consider a second flight in the southern hemisphere.
There are specific technical problems to face for such a mission, in addition to those of a normal day-time flight. The first one is the payload thermal management. The temperature of the stratosphere during the polar night is around -80 o C, and there is no solar radiation available to warm-up the payload. So all the subsystems must be able to withstand these harsh conditions. The most important impacts are on the electronic systems, which must be thermally insulated from the environment to achieve self-heating conditions, on vacuum seals, which must be manufactured in indium or in special elastometers, on mechanical actuators, whose play and lubrication must be specially designed for low temperature and low pressure. The second technical problem is the supply power for the experiment and the telemetry. With a typical power requirement exceeding 700 W for 15 days, an electrical energy storage close to 1 GJ is needed. The simplest solution is to use lithium batteries, which feature high energy density and can operate in the vacuum and at very low temperatures. Fuel cells represent another possibility, but still not validated for space applications. In both cases the cost is significant. Due to their very small internal resistance, lithium batteries should be placed inside the same insulated box containing the powered electronics, to reach a temperature above 0 o C and maintain most of their nominal capacity.
Data transmission is also problematic. LSPE will produce a raw data rate of about 400kbps, which is entirely stored onboard on solid state disks. Essential housekeeping information is transmitted though the iridium network, to check the performance and the evolution of the observing program. The scientific data set is too large for this communication system. We plan to have line-of-sight telemetry at full rate during the first day of the flight, and then to have data-dumps when the system flies over selected locations hosting dedicated receiving stations.
THE LSPE INSTRUMENTS
STRIP is an array of coherent polarimeters, whose main target is the accurate measurement of the low-frequency polarized emission, dominated by Galactic synchrotron. Its design is described in detail in 19 . We summarize in Table 1 below its performance, comparing it to the Planck-LFI [34] [35] [36] . The Q band array improves the Planck sensitivity by a factor of 2, while the small W band array provides a common channel with SWIPE for internal crosscheck of systematic effects. SWIPE is an array of bolometric polarimeters. Its target is the accurate measurement of polarization of the galactic dust foreground and of the CMB. Its design is described in detail in 20 . We summarize in Table 2 below its performance, comparing it to the Planck-HFI 37 . The 95 band is the main channel for CMB polarization measurements, while the 145 GHz and 245 GHz bands will measure precisely the polarized emission from interstellar dust. 
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THE LSPE CARRIER
THE GONDOLA
The two instruments are mounted on a common azimuth spinning frame, on tiltable platforms to allow elevation control. The line of sight elevation can be changed independently for the two instruments, in the range between 15 o and 50 o . The nominal survey will be carried out at elevations between 40 o and 50 o . Lower elevations will be used only to scan planets, the Moon, and other calibration sources.
To host the experimental equipment, a structure characterized by a low weight and a high stiffness is required. A first result of the design activity was a type of gondola with high level of reusability and exploitable for future multi-user experiments, presented in 38 , where also the systematic approach used for the design process was briefly described. However, the large final mass estimate of the payload drove a second design phase, with maximum lightness considered as the most important objective. A preliminary sketch of this new light-weight structure is shown in Fig.5 . The stiffness and strength specifications together with the dimensions of each structural element were verified using the Finite Element Method (FEM) from the ANSYS v.13 code. The simulations were performed first with an applied vertical mass acceleration of 10g, then with an acceleration equal to 5g and with an angle of 45° with respect to the pivot axis. These are the maximum accelerations loading the structure, during parachute opening, after termination of the flight. At the moment steel and aluminum alloys have been considered as construction materials. For further developments also composite materials will be investigated in order to reach more lightness and to reduce the rotational inertia of the structure.
At the current level of development, the total weigth of the payload is around 2.2 tons, which requires a 800000 m 3 balloon to fly at more than 37 km of altitude.
THE ATTITUDE CONTROL SYSTEM
The pointing directions of the two telescopes are controlled by the Attitude Control System (ACS). This is composed of a set of actuators, a processor and a set of attitude sensors. Its purpose is to produce the required scan of the sky and of the calibration sources, and to acquire attitude data precise enough to allow sub-arcmin reconstruction of the pointing during data analysis. This ACS is derived directly by systems we have developed for previous balloon missions [39] [40] [41] [42] [43] .
• Actuators: The payload is decoupled from the flight-train by a Pivot system, including thrust ball bearings and a torque motor (Kollmorgen QT-6205) producing the azimuth rotation of the payload. The power required to rotate the payload at a constant rate of 3 rpm is due to the friction torque generated in the thrust bearings. With a payload weight of 2.2 tons, the friction torque is estimated to be around 0.2 Nm. The motor constant converting current into torque is 1.4 Nm/A, so we expect currents below 1A for the regime conditions and below 10A for the speed-up phase. Two independent elevation actuators, one for each instrument, control the relative angle between the inner frames and the outer frame. The total power needed to activate the motors is below 100W.
• The Processor is a PC104 unit which continuously acquires information from the sensors, evaluates the attitude and controls the current in the motors, thus controlling all the payload movements and sending pointing information to the data acquisition system and the telemetry.
• Attitude sensors: The attitude information are provided by several sensors, complementary one to each other.
The absolute time and geographical position are given by a GPS unit. A three axis KVH E-Core 2000 fiber optic gyroscopes system can be rapidly sampled to get the angular velocity vector describing the azimuth motion and the pitch/roll oscillations with a 0.014°/s sensitivity. Absolute angular encoders will sample the elevation angles with 16 bit resolution. These sensors are used in real time by the processor to drive the actuators. A star sensor provides the information for off-line absolute pointing reconstruction as described below.
THE FAST STAR SENSOR
The star sensor is the main sensor for telescope pointing reconstruction, since it can provide the attitude information in an absolute reference frame. It produces a sky map where optical star signals can be identified if compared to a catalogue, thus giving the telescopes pointing with respect to the sky coordinates. It is based on the same solution we developed for the successful Archeops flights (which was carried out during the polar night, as planned for LSPE) 44, 45 . This is based on simple and reliable components, providing high resolution and sensitivity with fast response, as needed in a fast sky scanning instrument. The telescope is composed of a single parabolic optical mirror, diameter 40 cm, f/4.5. A linear array of 46 photodiodes (Hamamatsu S4111) is placed in the focal plane together with its low noise readout electronics. The star sensor telescope points at constant elevation and spins together with the payload. The array orientation is perpendicular to the horizon, and each pixel is 4 mm wide in azimuth (or scan direction) and 1 mm wide in cross-scan direction. During the azimuth rotation, the star sensor covers a 1.46° thick stripe at the selected elevation angle. The sampling period will be around 5 ms. The system can detect about 50-100 stars per turn up to magnitude 6: more than enough to reconstruct the attitude of the payload with sub-arcmin resolution.
OBSERVATION STRATEGY
The LSPE payload will spin at constant speed (3 rpm) around the zenith axis, keeping the telescope boresight at constant elevation for long periods. This strategy is similar to the one adopted by the Archeops balloon experiment 45 , and shares several commonalities also with the Planck satellite 7 . The elevation will be changed occasionally, in order to extend the full coverage, and to execute specific calibration observations, such as scans of planets or other calibration sources.
The two instruments have independent elevation movements. A night flight is a mandatory requirement for a spinning payload, to avoid contamination by sunlight. Winter polar flights are the only solution for this kind of strategy.
The spin of the payload, combined with the daily rotation of Earth, results in a sky coverage of up to 30% depending on elevation changes, at the expected latitude (78 o N) of the flight. Table 3 illustrates the coverage of the two instruments for different elevation strategies.
The current baseline scanning strategy foresees a payload spin rate of 18 o /s (3 rpm) and the coverage of the same sky area by the two instruments. Elevation changes will be operated once a day, at the same time for both instruments, to prevent mutual interference. Specific calibration observations will be executed in dedicated time slots by both instruments in parallel. Main targets of this phase will be Jupiter, the Moon, and the Crab nebula. Jupiter will be observed to map the main beam; the Crab nebula to calibrate the main axis of the polarimeters, since it is the most powerful polarized source observable at the LSPE frequencies and angular resolutions; the Moon can be used to map sidelobes, and the Moon limb can be measured to calibrate polarimeters. Jupiter and the Crab are observable by all detectors with limited elevation changes, while the Moon is observable only when it is opposite to the Sun. Table 4 illustrates sources culmination and sensitivity for a flight on January 1 st 2015, at a latitude of 78 o North. The sensitivity is calculated in terms of signal/noise, for a single sample, assuming a sample rate of 60 Hz. Except Jupiter, the other planets are too low to be observable, or too faint to provide a usable signal to noise ratio.
In Fig.6 we report the SWIPE 145 GHz Point Spread Function (PSF), overplotted on the expected data samples collected in co-scan and cross-scan coordinates. The simulation is based on the nominal scanning strategy, for one detector, with sample rate of 60 Hz, and represents only one day of observations. This figure demonstrates that the selected sampling rate results in a very dense sampling of the PSF, sufficient for an accurate reconstruction of all the details of the PSF.
Since Jupiter culmination is at 27 o of elevation, using the nominal scanning strategy only a few detectors will scan over the planet. For the other detectors specific observations are required. We plan to dedicate one full day of the mission to the observation of calibration sources. Table 4 : Sources culmination angle, and sensitivity for a launch on Jan 1st, 2015. Sampling rate is set at 60 Hz. We assume full Moon, as it is when it is observable by LSPE. The Crab flux is based on the free-free spectrum reported in 46 . 
Elevation
CONCLUSIONS
The LSPE balloon project is designed to meet the challenge of the next generation of CMB experiments, i.e., to search for the B-mode polarization component as a signature of an inflationary era in the very early universe. The LSPE instruments, the carrier and the observing strategy are optimized to probe large angular scales, where the B-mode signal is expected to be stronger. The extreme sensitivity of LSPE and the low amplitude of B-modes require a very clean separation of synchrotron and dust polarized components from the cosmological signal. LSPE is equipped with two instruments employing different technologies to ensure the broad spectral coverage needed to disentangle foreground contamination. A further challenge for LSPE is the suppression of systematic effects at sub-μK level. The design of the instruments incorporate multiple modulation and differential processing, and the Arctic night flight ensures minimal environmental contamination. Furthermore, the two instruments feature a common channel in W band as a powerful check for systematic effects. In addition to aiming at frontier science, the development of LSPE's large cryogenic polarimeter arrays of bolometers and coherent receivers represents a contribution to the technological development in the field of CMB polarization instruments.
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